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INTRODUCTION 

man f l i e s  beyond the moon, t h e  nearby planets w i l l  be ob- 
instruments t o  obtain more information about conditions on 
worlds. Astronomers looking at Mars through telescopes have 

observed seasonal color changes on the planet ' s  surface. 
s c i e n t i s t s  conclude from t h i s  t h a t  plant l i f e  e x i s t s  on Mars, and the  
existence of plant l i f e  na tura l ly  r a i se s  questions of possible animal 
l i f e .  Unmanned spacecraft  f o r  t he  exploration of Mars a r e  now being de- 
s igned. 

Some eminent 

The surface of Venus, our other close planetary neighbor, is com- 
p l e t e l y  obscured by a th i ck  cloud cover, 
has already been launched toward Venus. The instrumentation aboard 
Mariner II was designed t o  provide information on the  mysteries of Venus' 
hidden surface and i ts  atmosphere. 

An unmanned probe, Mariner 11, 

Such instrumented probes a r e  only the  beginning. To conduct a fu l l  
s c i e n t i f i c  exploration of t h e  planets ,  man m u s t  journey t o  these a l i e n  
worlds. I n  t h e  course of t h i s  great adventure, science w i l l  discover 
much t o  add t o  our knowledge and understanding of t h e  universe i n  which 
we l ive .  

As with all new endeavors, t he  exact fu tu re  of long-distance space 
f l i g h t  is  uncertain. Yet, within t h e  confines of our rap id ly  expanding 
technology, we can make a reasonable prediction of how man may t r a v e l  
beyond t h e  moon. 

SOME BASIC IDEAS AND THEIR HISTORY 

The rocket-powered spacecraft  has t h e  same general function as  any 
t ranspor ta t ion  system; it must move people and mater ia ls  from one place 
t o  another. 

Booster rockets a r e  used t o  launch spacecraft  i n t o  o rb i t  about t he  
E a r t h .  The high thrust1 and comparative sa fe ty  of chemical rockets make 

'Thrust is  the  force exerted by the rocket engine. 



them t h e  only ava i lab le  vehicle  f o r  t h i s  important f i rs t  s t e p  i n  space 
f l i g h t .  

From o r b i t  about Earth,  t h e  spacecraf t  must t h r u s t  up and away from 
t h e  gravi ta t iona l  f i e l d  of Earth. 
i n  t h e  grav i ta t iona l  f i e l d  of t h e  sun u n t i l  i ts  planetary des t ina t ion  is  
reached. The chemical rocket i s  not w e l l  su i t ed  f o r  manned f l i g h t  beyond 
t h e  Moon. It uses too  much propel lant .  Large propel lant  consumption 
means tha t  most  of t h e  spacecraf t  weight must be devoted t o  propel lant .  
Not much room is l e f t  f o r  payload, t h a t  is, t h e  men, instruments, and 
equipment ca r r i ed  on t h e  rocket.  

Then t h e  spacecraf t  must continue on 

The chemical rocket has a high propel lant  consumption because it has 
a low exhaust veloci ty .  Because t h e  r e l a t i o n  between propel lant  consump- 
t i o n  and exhaust ve loc i ty  i s  not e a s i l y  seen, some explanation i s  r e -  
quired. As explained i n  t h e  next sect ion,  an important quant i ty  i n  rocket  
space f l i g h t  i s  t h e  " t o t a l  impulse." 
t h r u s t  multiplied by t h e  th rus t ing  time: 

This quant i ty  is simply t h e  rocket  

t o t a l  impulse = t h r u s t  x t h rus t ing  time 

Long-distance f l i g h t s  o r  fast f l i g h t s  requi re  a high value of t o t a l  im-  
pulse. AII equation f o r  t h rus t2  is 

th rus t  = propellant flow r a t e  x exhaust ve loc i ty  

This expression f o r  t h r u s t  may be used i n  t h e  equation f o r  t o t a l  impulse: 

t o t a l  impulse = propel lant  flow r a t e  x exhaust ve loc i ty  x t h r u s t i n g  time 

Propellant flow r a t e  mult ipl ied by t h r u s t i n g  t i m e  is r e a l l y  just t h e  pro- 
pe l l an t  mass at t h e  beginning of t h e  f l i g h t ,  and therefore  

t o t a l  impulse = propellant m a s s  x exhaust ve loc i ty  

For a par t icu lar  space f l i g h t ,  a c e r t a i n  t o t a l  impulse w i l l  be required.  
If t h e  exhaust ve loc i ty  i s  low, t h e  propel lant  m a s s  m u s t  be high. 
chemical rocket has a low exhaust ve loc i ty  and, therefore ,  needs a grea t  
amount of propel lant .  

The 

There i s  a bas ic  reason f o r  chemical rocke ts  being l imi ted  t o  a low 
exhaust veloci ty .  
per pound ( i . e . ,  heat of combustion). 
process can r e l ease  only so much energy per pound, t h e  exhaust ve loc i ty  
i s  l imited t o  about 4000 meters per second. 

Even t h e  bes t  chemical propel lants  have a f ixed  energy 
Since t h e  chemical combustion 

A number of other kinds of rocket -propulsion-system concepts have 
promise of much higher exhaust v e l o c i t i e s  than t h a t  of t h e  chemical 

'This equation i s  derived i n  t h e  appendix. 
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rocket .  If t h e s e  concepts can be made p r a c t i c a l ,  heavy payloads could 
be c a r r i e d  i n  long-distance, fast, space f l i g h t s .  

D r .  Robert H. Goddard, t h e  fa- 
mous American rocket pioneer, r e a l -  
i zed  t h a t  chemical rockets  were 
l i m i t r e d .  i n  exhaust veloci ty .  I n  
1906 he wrote i n  h i s  laboratory note- 
book t h a t  t h i s  l i m i t a t i o n  i n  rocket 
exhaust v e l o c i t y  might be overcome 
i f  e l e c t r i c a l l y  charged p a r t i c l e s  
could be used ins tead  of burnt gases. 
E l e c t r i c a l l y  charged p a r t i c l e s  can be 
acce lera ted  t o  extremely high veloc- 
i t i e s .  
c lo t rons  can acce lera te  e l e c t r i c a l l y  
charged p a r t i c l e s  almost t o  t h e  speed 
of l i g h t .  D r .  Goddard's idea  of 
using e l e c t r i c a l l y  charged p a r t i c l e s  

"Atom mashe r s"  such as  cy- 

as a rocket exkaust w a s  i n  essence 
t h e  b i r t h  of e l e c t r i c  propulsion. R o b e r t  H. G o d d a r d  

Hermann O b e r t h  

The idea of e l e c t r i c  propulsion w a s  ex- 
plored fur ther  by Professor Hermann Oberth, 
a German rocket pioneer. 
Professor Oberth described a possible  e lec-  
t r i c  rocket design i n  which high-voltage 
e l e c t r i c  f i e l d s  would acce lera te  charrged 
pa r t i c l e s  t c  high exhaust ve loc i t i e s .  

In  a 1929 t e x t ,  

The acce lera t ion  of e l e c t r i c a l l y  
charged p a r t i c l e s  r e q u i r e s  a l a rge  quant i ty  
of e l e c t r i c  power. I n  terms of propel lant  
flow r a t e ,  t h e  amount of e l e c t r i c  power r e -  
quired i s  

power = 

propellant flow r a t e  x exhaust v e l o c i t y  2 
2 

I n  t e r n s  of rocket t h r u s t ,  

t h r u s t  x exhaust v e l o c i t y  
2 power = 

Both of these  equations show t h a t  e l e c t r i c  power requirements increase 
as t h e  exhaust v e l o c i t y  i s  increased. Suppose an e l e c t r i c  rocket with a 
1-pound t h r u s t  were t o  be b u i l t .  
exhaust v e l o c i t y  of 50,000 meters per second (about 100,000 mph) would 

For f l i g h t s  t o  t h e  nearer  p lane ts ,  an 
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be bes t  f o r  some e l e c t r i c  rockets .  More t h a n  100,000 w a t t s  of e l e c t r i c  
power3 a re  needed t o  a c c e l e r a t e  enough charged p a r t i c l e s  t o  50,000 meters 
per second i n  order t o  produce 1 pound of t h r u s t .  Such quan t i t i e s  of 
e l e c t r i c  power could l i g h t  thousands of e l e c t r i c  l i g h t  bulbs or run hun- 
dreds of e l e c t r i c  washing machines. 

I n  t h e  time of D r .  Goddard and Professor Oberth, e l e c t r i c  power- 
p l a n t s  were very heavy. Conventional powerplants a r e  s t i l l  t o o  heavy f o r  
use i n  e l e c t r i c  rocket spacecraf t ,  because t h e y  would r e q u i r e  l a r g e  
amounts of coal ,  o i l ,  or  gas. Conventional b o i l e r s ,  t u rb ines ,  and gener- 
a t o r s  would a l s o  add g r e a t l y  t o  the  weight of a self-contained powerplant 
f o r  space f l i g h t .  Such powerplants a r e  
could be car r ied .  

, I  

L .  R .  Shepherd 

so  heavy t h a t  very l i t t l e  payload 

A. V. Cleaver 

The advent of p r a c t i c a l  atomic power wrought a grea t  change i n  t h e  
f u t u r e  of e l e c t r i c  propulsion for space f l i g h t .  As e a r l y  as 1948, two 
Rvi+i -&&---A nh A """"""'""u, n - 4  - - + 4  -+- nn Y L .  L. E. ShC$XYd LCd ?k. A. Y. C l m - C Z . ,  ZCggCsk; 

t h r u s t  x exhaust v e l o c i t y  
2 

3 
power = 

and 1 pound of t h r u s t  = 4.45 newtons; t h e r e f o r e ,  
4.45 newtons x 50,000 meters per second 

2 power = 

Since 
power = 110,000 w a t t s .  

1 w a t t  = 1 joule  per second = 1 newton x meters per second, 



5 

t h a t  cont ro l led  nuclear f i s s i o n  could provide t h e  l ightweight power 
source needed f o r  e l e c t r i c  rockets.  They described an electric-power 
generat ion system i n  which a nuclear f i s s i o n  r e a c t o r  would heat  a f l u i d  
t o  a high temperature. This f l u i d  would d r ive  a tu rb ine  t h a t  would then 
d r i v e  an e l e c t r i c  generator.  This generator would, i n  tu rn ,  provide t h e  
e l e c t r i c i t y  required t o  acce lera te  charged p a r t i c l e s  t o  a high exhaust 
ve loc i ty .  Small amounts of nuclear f u e l  can provide very l a rge  anoulits 
of power f o r  long times. Although reac tor  s t ruc tu res  and sh ie lds  w e r e  
q u i t e  heavy when Shepherd and Cleaver f i r s t  proposed t h e i r  plan, nuclear- 
energy technology has advanced rapidly,  and t h e i r  ideas  appear more prac- 
t i c a l  today. The development of l ightweight nuclear t u rboe lec t r i c  sys- 
tems f o r  space propulsion power i s  one of today 's  most challenging prob- 
lens. The so lu t ion  of t h i s  problem may be one of t h e  keys t o  p r a c t i c a l  
i n t e rp l ane ta ry  travel. 

Once t h e  t h e o r e t i c a l  f e a s i b i l i t y  of  
e l e c t r i c  powerplants f o r  space f l i g h t  had 
been es tab l i shed ,  s e r ious  thought began t o  
include another e s s e n t i a l  pa r t  of an elec- 
t r i c  spacecraf t  - t h e  e l e c t r i c  rocket  en- 
gine or  " thrustor .  " The first de ta i led  
discussion of t h e  e l e c t r i c  rocket  engine 
w a s  prepared i n  1954 by D r .  Ernst  
Stuhl inger ,  pioneer i n  e l e c t r i c  propul- 
sion. I n  h i s  papers, D r .  Stuhl inger  pro- 
posed designs f o r  a cesium-ion engine, 
which i s  today one of t h e  bes t  types of 
e l e c t r i c  rocket  engine. 

Many s c i e n t i s t s  and engineers have 
been working on e l e c t r i c  propulsion for 
space f l i g h t  s ince  1957. Research on 
e l e c t r i c  propulsion has progressed t o  
t h e  point  where e l e c t r i c  rocket engines 

E r n s t  Stuhlinger 

are being b u i l t  f o r  a c t u a l  t e s t  f l i g h t s .  Much more research  and develop- 
ment remains, p a r t i c u l a r l y  on advanced propulsion systems, which convert 
nuclear t o  e l e c t r i c  energy i n  new and mique  ways. 

FACTS ABOUT PROrmLSIOM I N  SPACE 

Man i s  used t o  l i v i n g  and moving about, on the Eaarth's s w f a c e .  E i s  
p r i n c i p a l  experience with grav i ta t iona l  f i e l d s  is  t h a t  th ings  have weight 
and t h a t  f a l l s  from he ights  hur t .  
sur face ,  t h e  g rav i t a t iona l  f i e l d  i n  the s o l a r  system i s  extremely compli- 
cated.  The g rav i t a t iona l  f i e l d  of t h e  s o l a r  system can be represented by 
the  g rav i t a t iona l  p o t e n t i a l  as shown on the  next page. 

Compared with t h e  g rav i ty  on Ear th ' s  
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This g rav i t a t iona l  p o t e n t i a l  f i e l d  
MARS may be thought of as a huge circu-  

l a r  depression with the Sun a t  the 

located a t  the bottom of i t s  "grav- 
i t y  depression, " which accompanies 

VENUS EARTH bottom. Each of the  p lane ts  i s  
MERCURY -yl--I-j Sun. ' S U N  The g rav i t a t iona l  f i e l d  i s  qui te  t he  inv is ib le ,  planet  i n  but  i t s  it path exe r t s  about a deci-  the  

s ive  force on any objects  within i t s  domain. This force i s  proport ional  
t o  the slope of the f i e l d  a t  the loca t ion  of the object.  I n  the s t eep  
parts of t he  f i e l d ,  the force i s  very great ,  j u s t  as a s l ed  s l i d e s  the  
f a s t e s t  on the  s teepes t  pa r t  of a snowy h i l l .  

We l i v e  at  t h e  bottom of a deep, i nv i s ib l e  grav i ty  p i t ,  which we 
must somehow climb out of t o  reach other  planets.  There a r e  no ladders,  
s teps ,  o r  an t ig rav i ty  machines ava i lab le ;  man must propel himself with a 
rocket spacecraft .  If t h e  rocket i s  t o  r i s e  d i r e c t l y  up t h e  "h i l l " ,  i t s  
t h r u s t  must be greater  than i t s  
weight. E t h e  t h r u s t  i s  substan- 
t i a l l y  greater  than t h e  weight, t h e  
rocket w i l l  acce le ra te  and pick up 
speed. If t h e  t h r u s t  i s  applied f o r  

pick up enough speed t o  coast on up 

cha rac t e r i s t i c  can be given a value 
ca l l ed  t o t a l  impulse: 

THRus< 
a su f f i c i en t  time, t h e  rocket will 

t h e  "h i l l "  a l i t t l e  f a r the r .  This I 

EARTH 

W E I GH T-., PROFILE 
\ 

t o t a l  impulse = thrust x thrusting time 

(Total  impulse has been discussed i n  t h e  previous sect ion.)  
t h e  t o t a l  impulse, t h e  f a r t h e r  up t h e  h i l l  t h e  spacecraf t  w i l l  go. 
general ,  t h e  longer t h e  dis tance or t h e  f a s t e r  t h e  t r i p ,  t h e  higher t h e  
t o t a l  impulse must be. 

The grea te r  
I n  

The chemical rocket has an upper l i m i t  t o  i ts  exhaust ve loc i ty j  for 
t h i s  reason, a la rge  propel lant  mass must be used f o r  long-distance 
f l i g h t s  t h a t  requi re  a l u g e  t o t a l  impulse. 
much higher exhaust ve loc i ty ,  with t h e  r e s u l t  t h a t  much l e s s  propel lant  
i s  needed. 

The e l e c t r i c  rocket has a 

The propel lant  mass required for a p a r t i c u l a r  space f l i g h t  ( i . e . ,  a 
The e l e c t r i c  power 

\ requirement, however, increases  as 
\PROPELLANT t h e  exhaust ve loc i ty  increases.  If 

t h e  e l e c t r i c  powerplant mass i s  di-  
r e c t l y  proport ional  t o  i t s  power 
output, t h e  powerplant mass can 
a l so  be shown on t h e  graph as on t h e  
next page: 

pa r t i cu la r  t o t a l  impulse) can be shown on a graph. 

'\ MASS '\ 
'l- 

0 EXHAUST VELOCITY 

- - -- - ,- __ 
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MASS 

\ PR OPE LL ANT The sum of the  propellant and the 
parerplant masses can now be shown 
with respect t o  the t o t a l  spacecraft 

\ 0’ portion. There i s  a lower l i m i t  f o r  
the exhaust velocity;  i f  the  exhaust 

\ 0’ t ‘  
0° ‘OWERPLANT mass. The payload mass i s  the  shaded \ 

\ 

---- .--. 0 ,-\-- 

If a spacecraft  i s  t o  take off from the  Earth’s  surface, i t s  t h r u s t  
For such a f l i g h t ,  the  electr ic-rocket  must be grea te r  than i t s  weight. 

t h r u s t  would have t o  be much grea te r  than the  weight of t h e  p m r p l a n t .  
The pr inc ip les  described so far can be used t o  show that extremely l i g h t -  
weight powerplants would be required, f o r  example, of the  order of 
1/10,000 pound per w a t t .  Thus, a powerplant with an output of 1000 watts 
could weigh only a few ounces. Space e l e c t r i c  parerplants  current ly  
under development are hundreds of times heavier  than t h i s .  Consequently, 
e l e c t r i c  spacecraft  current ly  being studied cannot be expected t o  take 
off from Earth.  They must be boosted in to  o r b i t  about Earth by chemical 
rockets.  

Once i n  Earth orb i t ,  
e l e c t r i c  spacecraft  could 
f ly very well with a smaU 
t h r u s t .  The e l e c t r i c  rocket 
engine would be s t a r t e d  i n  
o r b i t  and the ship would 
slowly climb ”up” the  Earth’s 
gravitational f i e l d  i n  a 
s p i r a l  path. Of course, this 
imaginative diagram only il- 
lustrates the  pr inciple  of 
slow sp i r a l ing  away f r o m t h e  
Earth’s gravi ta t iona l  f i e l d .  
Actually, the  ship would 
follow a s p i r a l  path i n  one 
plane. Since the gravita- 
t i o n a l  f i e l d  is  invis ib le ,  

\.. 
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it must be imagined i n  t h i s  drawing. 
As t h e  e l e c t r i c  rocket continued 
thrust ing,  t h e  spacecraft  would con- 
t inue  around the  Earth i n  an ever- 
widening s p i r a l  u n t i l  it ef fec t ive ly  
l e f t  the Earth 's  g rav i ta t iona l  f i e l d .  
More precisely,  it would en ter  a re -  
gion i n  space where t h e  grav i ty  p u l l  
of t h e  Earth is  s l i g h t  compared with 
t h e  gravity of t h e  Sun. 

I n  t h i s  descr ipt ion of f l i g h t  paths not much has been s a i d  of t h e  
Speed can be a misleading idea i n  t h e  ac tua l  speed of t h e  spacecraf t .  

complex gravi ta t iona l  f i e l d  of t h e  so la r  system. For example, i f  a chem- 
i c a l  rocket were t o  be shot s t r a i g h t  up from t h e  Earth's surface,  it 
would have t o  achieve a speed of about 25,000 miles an hour t o  escape. 
This assumes t h a t  t h e  rocket would t h r u s t  fur ious ly  f o r  a short  period, 
perhaps 15 minutes, and would then coast t h e  r e s t  of the  way. 
would be coasting up out of our "gravity p i t , "  and t h e  f a r t h e r  away from 
Earth it coasted, the  slower it would go. If t h e  g r a v i t a t i o n a l  f i e l d  of 
t h e  Sun were ignored, t h e  sh ip  would slow down almost t o  a s top  far from 
Earth; t h a t  i s ,  it would s top  with respect  t o  t h e  Earth,  which i s  moving 
about the Sun a t  speeds of nearly 67,000 miles per hour. A spaceship 
launched from the Earth a l s o  has t h a t  speed with respect  t o  t h e  Sun. 
Furthermore, t h e  Sun i s  rushing through space; therefore ,  t h e  sh ip  a l s o  
has t h a t  speed. 

The rocket 

S a t e l l i t e s  decrease i n  speed as they move away from E a r t h .  A low- 

l e v e l  s a t e l l i t e  moving at 17,000 m i l e s  per hour takes  about 1- hours t o  

o r b i t  the Earth. The Moon i s  a s a t e l l i t e  of Earth, too.  It takes  about 
27  days t o  o r b i t  Earth,  moving a t  a speed of about 2300 miles per hour. 
Thus, the Moon t r a v e l s  almost eight times slower, with respect t o  t h e  
Earth, than t h e  low-level s a t e l l i t e .  

1 
2 

The e l e c t r i c  rocket is  a l s o  affected by t h i s  pr inciple .  It would 
move more slowly f a r t h e r  away from Earth.4 The work being done by t h e  
powerplant and t h e  engine would be used i n  r a i s i n g  t h e  sh ip  up and out 
of t h e  Earth 's  g rav i ta t iona l  f i e l d .  
ship 's  speed. 
spurt  i n  speed required t o  place t h e  e l e c t r i c  spacecraft  i n  o r b i t .  
t h e r e  on, the  e l e c t r i c  rocket could provide the  rest of t h e  propulsion. 

This work would not increase t h e  
The chemical rocket booster would provide t h e  i n i t i a l  

From 

*This i s  t r u e  f o r  spacecraft  propelled with t h e  nuclear turboelec- 
t r i c  systems present ly  envisioned. If much l i g h t e r  propulsion systems 
could be b u i l t ,  the  t h r u s t  could be grea te r ,  and t h e  spacecraft  could 
accelerate  t o  high speeds i n  the  Sun's f i e l d ,  The advanced propulsion 
systems t o  be discussed l a t e r  i n  t h i s  paper could provide such accelera- 
t i o n .  



When t h e  e l e c t r i c  space- 
c r a f t  i s  hundreds of thousands 
of miles from Earth,  t h e  gravi- 
t a t i o n a l  f i e l d  of t h e  Earth 
becomes weaker than t h e  gravi- 
t a t i o n a l  f i e l d  of t h e  Sun. 
During t h e  t r a n s i t i o n  from 

\ 

dominance of t h e  E a r t h r s  f i e l d  
t o  dominance of t h e  Sun's, t h e  
s h i p  i s  a t t r a c t e d  t o  both t h e  
Earth and t h e  Sun. This s i t ua -  
t i o n  i s  so complicated t h a t  t h e  
s h i p r s  path must be calculated 
on a d i g i t a l  computer even when 
t h e  rocket  i s  coasting. When 
f r e e  from Earth,  t h e  sh ip  s t i l l  
has t h e  speed of Earth i n  addi- 
t i o n  t o  i t s  speed with respect  
t o  Earth.  The path i s  shown i n  
t h e  sketch. The e l e c t r i c  space- 
c r a f t  continues t o  t h r u s t  i n  t h e  
d i r ec t ion  shown. Because it 
s t i l l  has t h e  speed impetus from 
Earth,  it tends t o  move on 
around t h e  Sun. The energy pro- 
vided by t h e  continued th rus t ing  
causes t h e  sh ip  t o  move f a r t h e r  
away from t h e  Sun, but  because 
it i s  f a r t h e r  away from t h e  Sun, 
it falls  behind Earth i n  t h e  
r ace  around t h e  Sun. The i n i -  
t i a l  speed provided by t h e  Earth 
i s  important t o  any spacecraf t .  
Without it t h e  ship would f a l l  
i n t o  t h e  Sun. 

When t h e  sh ip  i s  about 
halfway t o  M a r s ,  it is o rb i t i ng  
t h e  Sun f a s t e r  than Mars because 
it is  c loser  t o  t h e  Sun. The 
sh ip  must be swung around i n  
order t o  apply t h e  reverse  
t h r u s t  necessary t o  slow it down 
t o  t h e  speed of M a r s .  When t h e  
sh ip  reaches t h e  g rav i t a t iona l  
f i e l d  of M a r s ,  it must s p i r a l  
down t o  a s a t e l l i t e  o r b i t  around 
M a r s .  The sh ip  continues t o  
t h r u s t  backward as it s p i r a l s  
down. 
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The low t h r u s t  of t he  e l e c t r i c  rocket  w i l l  not permit a d i r e c t  land- 
ing  on Mars. If t h e  sh ip  is  manned, t h e  crew may descend t o  t h e  sur face  
of Mars i n  a chemical rocket while t h e  e l e c t r i c  spacecraf t  continues t o  
swing around M a r s  i n  i t s  s a t e l l i t e  o r b i t .  

Now t h a t  some p r i n c i p l e s  of space f l i g h t  have been described i n  an 
imaginary t r i p  t o  M a r s ,  it i s  poss ib le  t o  discuss  e l e c t r i c  rocket  engines 
within the framework of t h e s e  pr inc ip les .  

ELECTRIC ROCKET ENGINES 

The e l e c t r i c  rocket engine, or e l e c t r i c  rocket t h r u s t o r ,  is  a device 
t h a t  converts e l e c t r i c  power and propel lant  i n t o  a forward-directed fo rce ,  
or t h rus t .  
sketch: 

The general  p r i n c i p l e  of operat ion i s  i l l u s t r a t e d  by t h e  

PROPELLANT \ ELECTRIC POWER 

\k THRUST Ti EXHAUST 

E l e c t r i c  power i s  used t o  a c c e l e r a t e  propel lant  mater ia l  t o  a high ex- 
haust veloci ty .  
of Newton's l a w s  of motion, t h e r e  must be a31 equal and opposite reac t ion  

This v e l o c i t y  produces a forward t h r u s t  force.  By one 
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f o r  every act ion.  The forward t h r u s t  force i s  t h e  equal and opposite 
r eac t ion  t o  t h e  backward exhaust force. Action and reac t ion  works i n  a 
vacuum too,  because a i r  is  not involved i n  t h i s  pr inciple .  Thrust i s  
produced because mater ia l  i s  being thrown out t h e  back, not because any- 
t h i n g  is  pushing against  air. As a matter of f a c t ,  most e l e c t r i c  rocket 
engines w i l l  not work i n  air, they w i l l  work only i n  a vacuum. 
air j u s t  ge t s  i n  t h e  way of t h e  exhaust. 

Actually, 

The pr inc ip le  of rocket-engine thrus t  can be i l l u s t r a t e d  by t h e  
following example. 
h i s  body. 
way, and he w i l l  c e r t a in ly  go f l y i n g  the other  way: 

A ska ter  stands upright with a bowling b a l l  held near 
He pushes t h e  bowling b a l l  away. The b a l l  goes f l y i n g  one 

SKATER 

( R E A C T I O N  ) 
+ 

BALL * e ( ACTION 1 

The f a s t e r  t h e  ska ter  pushes t h e  b a l l  away, t h e  harder he will be pushed 
t h e  other  way. 
hose. Without t h e  nozzle, w a t e r  runs out easi ly .  With t h e  nozzle, t h e  
w a t e r  comes out with a high ve loc i ty ,  and, unless t h e  hose i s  he ld  
firmly, it w i l l  th rash  about because of t h e  thrust force.  All rockets  
work on t h i s  pr inciple .  

Another i l l u s t r a t i o n  of t h i s  p r inc ip l e  i s  t h e  garden 

There are th ree  general  
types of e l e c t r i c  rocket en- 
gines: electrothermal,  e lec-  
tromagnetic, and e lec t ro-  
s t a t i c .  I n  t h e  electrothermal 
rocket ,  e l e c t r i c  power i s  used 
t o  heat t h e  propel lant  t o  a 
high temperature. The heating 
may be accomplished by flowing 
t h e  propel lant  gas through an 
e l e c t r i c  asc  o r  by flowing t h e  

I 

PRESSURE TAPJ' 

I 
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propellant gas over surfaces  heated with e l e c t r i c i t y .  

GAS IN pRANULAR ZIRCONIA 

! r O  06D"TUNGSTEN 
I ! HEATER WIRE 

EX1 

ND 

iAUST 

LHEATER OUTER SHELL 
GAS IN 

ELECTRICAL LEAD 1-1 

fac tors ,  such as erosion caused by t h e  

The electrothermal rocket 
i s  similar i n  some respec ts  t o  
t h e  chemical rocket. Although 
t h e r e  i s  no combustion, t h e  pro- 
pe l lan t  gas i s  heated t o  high 
temperatures and expanded through 
a nozzle t o  produce t h r u s t .  This 
rocket can achieve exhaust veloc- 
i t i e s  about twice t h a t  of chemi- 
c a l  rockets because t h e  energy 
added t o  t h e  gas may be l a r g e r  
than t h e  energy of combustion. 
Breakup or dissoc ia t ion  of t h e  
propellant gas molecules, which 
absorbs energy without r a i s i n g  
gas temperature very much, places 
an upper p r a c t i c a l  l i m i t  on t h e  
amount of energy t h a t  can be 
added t o  t h e  propellant.  Other 

arc  and mater ia l  f a i l u r e  at high 
temperature, a l s o  l i m i t  t h e  exhaust velocity.  

The e l e c t r i c - a r c  type engine is i n  a f a i r l y  advanced state of de- 
velopment. 
engines a r e  being made ready f o r  t e s t  f l i g h t s  i n  space. Because t h e  ex- 
haust veloci ty  of the  electrothermal rocket engine i s  l imited,  it probably 
w i l l  not be used f o r  in te rp lane tary  space f l i g h t .  This engine, however, 
probably could be used f o r  short-range space f l i g h t s  as far away as t o  
the  Moon. It could a l s o  be used f o r  a t t i t u d e  control  of la rge  spacecraft .  

It has an efficiency5 of about 40 percent t o  date,  and some 

The second general  type of PROPELLANT 

engine is t h e  electromagnetic 
rocket engine, of ten ca l led  t h e  
plasma rocket engine. I n  t h i s  
engine, t h e  propellant gas is  
i o n i z e d t o  form a plasma, which 
is then accelerated rearward by 
e l e c t r i c  and magnetic f i e l d s .  

C U R R E N T  

5Efficiency i s  a f igure  of merit of engines, It i s  t h e  e f f ic iency  
with which e l e c t r i c  power and propellant m a s s  are used t o  produce t h r u s t .  
A n  engine with an e f f ic iency  of 100 percent would convert a l l  the  e l e c t r i c  
power into t h r u s t  by accelerat ing every propellant p a r t i c l e  t o  t h e  desired 
exhaust ve loc it y . 
electric-rocket-engine e f f ic iency  

- - thrust '  
2 x propellant flow rate x e l e c t r i c  power used 



13 

A plasma i s  merely an ionized 
gas, t h a t  i s ,  a gas i n  which elec-  
t r o n s  have been removed from many of 
t h e  atoms. I n  a neu t r a l  atom, such 
as those comprising t h e  incoming 
propel lant  gas, t he re  are as many 
e lec t rons  around t h e  nucleus of t h e  
atom as the re  are g-etons i n  t h e  nu- 
c leus .  Neutrons have no e l e c t r i c  
charge, protons have one pos i t ive  
charge each, and e lec t rons  have one 
negative charge each. With an equal 
number of pos i t ive  and negative charges, t h e  atom is  e l e c t r i c a l l y  neutral .  
This is  t h e  normal state f o r  atoms i n  a gas a t  ordinary temperatures. If 
one e lec t ron  were knocked loose and away from t h e  atom, the  atom would 
have two protons and only one electron. Thus, one pos i t ive  e l e c t r i c  
charge is  l e f t .  The charged atom is cal led an ion. 

The atom shown is  a helium atom. It has a simple e lec t ronic  s t ruc-  
ture. Other atoms have many more protons, neutrons, and electrons,  but 
t h e  p r inc ip l e  of ionizat ion i s  t h e  same. 
by loss  of severa l  electrons.  I n  a plasma, t h e  e lec t rons  and t h e  ions 
a r e  swir l ing about i n  tremendous disorganization much l i k e  atoms i n  a 
gas. The plasma can conduct e l e c t r i c  current  j u s t  as a copper wire can 
conduct current.  It i s  t h i s  conductivity t h a t  makes it possible  t o  ac- 
ce l e ra t e  t h e  plasma as shown i n  t h e  sketch on t h e  right-hand s ide  of 
page 12 .  When an e l e c t r i c  current  i s  made t o  pass through t h e  plasma i n  
t h e  presence of a magnetic f i e l d ,  a force i s  exerted on t h e  plasma. This 
fo rce  is  i n  t h e  d i r ec t ion  shown, and, therefore ,  t h e  plasma is accelerated 
rearward t o  a high exhaust veloci ty .  

An atom may be mult iply ionized 

A plasma engine i s  very complicated, and a l l  t h e  physical  mechanisms 
occurring i n  it are not yet  understood. This type of engine, however, 
promises t o  be a very good e l e c t r i c  rocket engine, and research on severa l  
designs is  continuing. 

The t h i r d  type of e l e c t r i c  rocket engine is  t h e  e l e c t r o s t a t i c  rocket 
A s  in the plasma rocket engine, sometimes ca l led  am i on  rocket engine. 

engine, propel lant  at oms 
a r e  ionized by removing 
an e lec t ron  from each atom. 
I n  t h e  e l e c t r o s t a t i c  en- 
gine, however, t h e  elec-  
t rons  a r e  e n t i r e l y  r e -  
moved from t h e  ioniza- 
t i o n  region at t h e  same 
r a t e  as ions are accel-  
e ra ted  rearward. The 
ions a r e  accelerated by 
an e l e c t r i c  f i e l d  t o  a 
high exhaust ve loc i ty  ELECTRODE ELECTRODE 

ACCELERATED - IONS 

VOLTAGE VOLTAGE 

and thereby produce th rus t .  
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A voltage diagram may b e t t e r  i l l u s t r a t e  how the  ions a re  accelerated.  
A p o s i t i v e l y  charged p a r t i c l e  w i l l  
always tend t o  f a l l  down a voltage 

"potent ia l"  and define voltage as the  
difference i n  potent ia l .  Because the  
f i n a l  speed of t h e  ion depends on t h e  
height  of the  voltage h i l l ,  t h e  ex- 
haust ve loc i ty  can be control led by 
ad jus t ing  the voltage of t h e  high- 

HIGH "h i l l . "  S c i e n t i s t s  c a l l  t h i s  h i l l  the  
VOLTAGE' 

Z E R O  
VOLTAGE -,, 

/ , , voltage electrode. The ionizer  i s  a t  
L'POSITION OF /POSITION OF 

HIGH -VOLTAGE ZERO-VOLTAGE t h e  same voltage as t h e  high-voltage 
E L E C T R O D E  E L E C T R O D E  electrode. A p o t e n t i a l  diagram such 

as shown i s  m e r e l y  a w a y  of showing 
e l e c t r i c  f i e l d s ,  which a r e  a c t u a l l y  inv is ib le .  

The e l e c t r i c  f i e l d  exer t s  a force on e l e c t r i c  charges, and, there-  
fore ,  it a l so  exer t s  a force on p a r t i c l e s  t h a t  have an e l e c t r i c  charge. 
The steeper t h e  h i l l ,  the  grea te r  the  voltage, and the  grea te r  the  force. 
E lec t r ic  f i e l d s  a r e  j u s t  as mysterious as g r a v i t a t i o n a l  f i e l d s .  Scien- 
t i s t s  cannot r e a l l y  explain why -these f i e l d s  e x i s t ,  but they can predic t  
what w i l l  happen t o  charges o r  masses i n  them. 

The e lec t rons  freed from the  propel lant  atoms must be removed from 
the  ionizer  and ejected from t h e  spacecraft  i n  order t o  maintain t h e  
ionizer  i n  the e l e c t r o s t a t i c  rocket a t  a high voltage. The p o s i t i v e l y  
charged ions l i k e  t o  f a l l  down the p o t e n t i a l  f i e l d ,  but  e lectrons have a 
negative charge, and, therefore ,  they l i k e  t o  t r a v e l  up the p o t e n t i a l  
f i e l d .  A t  the  ionizer ,  the electrons a re  already a t  the  top of the  po- 
t e n t i a l h i l l ;  they must be forced t o  go down against  t h e i r  na tura l  in-  
clination. E l e c t r i c  power i s  required f o r  t h i s  action. The e l e c t r i c  
generator i s  a kind of e lectron pump, which labors  fur ious ly  t o  p u l l  t h e  
f reed electrons down from the  ionizer.  Once the electrons a re  forced 

~ HIGH // / [ZERO VOLTAGE 
VOLTAGE7 

- IA \ IC  
I U l Y  

~ LEC 
x 

3 

TRONS 

ELECTRIC- 
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down t o  zero pa ten t ia l ,  they can be ejected from the  engine. I n  f a c t ,  
these  e lec t rons  must be in jec ted  i n t o  the  ion exhaust beam i n  order t o  
neut ra l ize  t h e  accumulated pos i t ive  e l e c t r i c  charge i n  t h e  exhaust. If 
t h i s  neut ra l iza t ion  were not accomplished, t h e  ions i n  t h e  beam would 
s top each other, and a gigantic t r a f f i c  j a m  of ions would occur. With- 
out the  added electrons the  engine would stop, and no more t h r u s t  would 
be produced. 

The t h r u s t  of an e l e c t r o s t a t i c  rocket engine may be explained i n  
another way. Neutralization of t h e  exhaust beam l e v e l s  t h e  p o t e n t i a l  
f i e l d  behind the  engine. When maximum t h r u s t  occurs, t h e  p o t e n t i a l  f i e l d  

FIELD DIAGRAM 
POTENT I A L 

,rACCE L ERATOR 

‘‘SURFACE CHARGES 

“NEUTRALIZED 

G EN E R AT OR 
i s  f l a t  a t  the  ionizer  and curves 
downward with t h e  steepest  slope 
a t  the  end of the  accelerator .  
Behind the  engine, t h e  p o t e n t i a l  
f i e l d  i s  f la t .  When a poten t ia l -  
f i e l d  slope touches an electrode, 
surface charges w i l l  be present;  
t h i s  happens a t  t h e  end of the  
acce lera tor  j u s t  inside t h e  en- 
gine as shown i n  t h e  diagram. 
For t h e  f i e l d  i n  the  ion engine, 
these surface charges a r e  nega- 
t ive .  The e l e c t r o s t a t i c  a t t r a c -  
t i o n  between these negative sur- 
face charges and the  pos i t ive  
ions rushing through the  accel-  
e r a t o r  r e s u l t  i n  a force on the  
acce lera tor  electrode. This i s  
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the  t h r u s t  force  i n  the  e l e c t r o s t a t i c  rocket  engine. 

A n  experimental ion engine that  uses mercury as a propel lan t  i s  
shown i n  t h e  photograph below. When heated, mercury evaporates and 

forms a vapor, which i s  fed  i n t o  
the ion izer .  Here an e l ec t ron  
i s  knocked out of t h e  mercury 
atom t o  form an  ion. This  ion- 
i z a t i o n  i s  accomplished i n  a 
gent le  e l e c t r i c  discharge where- 
i n  e l ec t rons  i n  t h e  discharge 
h i t  e l ec t rons  i n  t h e  atom and 

E L E C T R O N  
FROM DISCHARGE 

ELECTRON IN/ 
DISCHARGE 

disp lace  them from t h e  s t ruc tu re  of t h e  mercury atom. The e l ec t rons  
and t h e  mercury ions form a plasma i n  the  ion iza t ion  chamber. The e lec-  
t r i c ' f i e l d  draws ions  from t h e  plasma. These ions a r e  then acce lera ted  
out through many small ho les  i n  t h e  zero-voltage e lec t rode .6  This en- 
gine design w a s  conceived by Mr. Harold R. Kaufman, who i s  an aerospace 
research s c i e n t i s t  a t  t h e  NASA Lewis Research Center i n  Cleveland. It 

i s  the  most e f f i c i e n t  e l e c t r i c  
rocket  engine today. Tes ts  have 
shown t h a t  it can operate a t  e f f i -  
c ienc ies  a s  high as 80 percent.  

Even higher  e f f i c i e n c i e s  a r e  
possible ,  and research i s  pro- 
gress ing  on o ther  engine concepts 
such as t h e  heavy-molecule engine. 
Propel lant  f o r  t h i s  engine con- 
s1sT;s 01 neavy molecules - mole- 
cu le s  composed of many heavy atoms, 
f i v e  o r  t e n  times heavier  than a 
mercury atom. The f i n a l  exhaust 
ve loc i ty  depends on both t h e  v d t -  
age used i n  t h e  engine and t h e  
msss of t h e  propel lan t  p a r t i c l e s .  
Heavy molecules have more mass 

'This e lec t rode  a c t u a l l y  has  a negative vol tage t o  r e p e l  t h e  nega- 
t i v e l y  charged e l ec t rons  i n  t h e  exhaust beam. If t h i s  e lec t rode  were 
not used, t h e  e lec t rons  would rush back i n t o  t h e  engine and cause a 
"short  c i r cu i t .  *' 
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than  atomic ions;  t he re fo re ,  t h e  voltege i n  t h i s  engine must be f a i r l y  
high - as much es 100,000 volts. 

Another advanced e l e c t r o s t a t i c  
rocket  engine i s  t h e  co l lo ida l -  
p a r t i c l e  engine. This engine uses a 
p rope l l an t  of microscopic p a r t i c l e s ,  
each cons l s t lng  of many molecules. 
I ts  t h e o r e t i c a l  e f f i c i ency  i s  nezr ly  
100 percent of t h e  m a x i m u m  possible  
e f f i c i e n c y  of any engine. Volteges 
required by t h i s  engine may be as 
high as 1,000,000 v o l t s .  

E l e c t r o s t a t l c  rocket  engines 
a r e  f a i r l y  advanced i n  research and 
development. I n  f a c t ,  two engines 
are being prepared f o r  f l i g h t .  One 
of t h e s e  i s  t h e  mercury-propellant 
i on  engine a l r eacy  described. The 
f l i g h t  vers ion  of t h i s  engine i s  
shown i n  t h e  T l lus t r a t ion .  The 
o the r  engine i s  a cesium-propellant 
ion engine developed by t h e  Rughes 
Research Laboratories,  Malibu, C a l -  
i3ornia,  under l!$iSA contract .  I n  
t h i s  engine, cesium atoms are ion- 
ized by contact  with white-hot 
tungsten sur faces .  Cesiun. i s  a 
so f t ,  s i lvery metal, vhich melts 
r ead i ly .  The e l ec t rons  taken from 
each atolr a r e  t rapped i n  t he  tungsten 
and dram away through wires by the  
e l e c t r i c  generator.  The cesium 
ions  are acce le ra t ed  avay from t h e  
tungsten surface by t h e  e l e c t r i c  
f ie ld .  Both engines are on 1963 
f l i g h t  schedules i n  t h e  NASA S e r t 7  
capsule. Tnis capsule w i l l  be 
launched wi th  a Scout chemical rock- 
e t  i n t o  a b a l l i s t i c  t r a j e c t o r y .  The 
grimary purpose of S e r t  i s  t o  t e s t  
t h e  perforinance of t h e  e l e c t r o s t a t i c  
rocket  engine i n  space. These en- 
gines have been operated on t h e  
ground f o r  hundreds of hours i n  va- 
cuum tanks, vhich simulate t h e  en- 
vironment of space. The engines 
operate q u i t e  v e l l  i n  vacuum tanks, 

7Space E l e c t r i c  Rocket Test. 
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but t h e  vas t  reaches of space cannot be f u l l y  simulated i n  any tank. For 
example, t h e  cesium or  mercury ions from t h e  engines s t r i k e  t h e  w a l l s  of 
t h e  vacuum tank and may knock many electrons loose from t h e  w a l l s .  These 
e lec t rons  may en ter  t h e  exhaust beam and neu t ra l i ze  t h e  ion space charge 
described previously. When t h i s  
neu t r a l i za t ion  OCCUTS, it i s  d i f f i -  
c u l t  t o  t e l l  whether t h e  e lec t rons  
from t h e  engine neut ra l izer  a r e  
doing t h e i r  job of neut ra l iz ing  t h e  
ion beam. If t h e  engines aboard t h e  
Se r t  capsule operate as expected and 
produce t h r u s t ,  t h e  pr inc ip le  of 
neu t r a l i za t ion  w i l l  be proven. 

E l e c t r i c  rocket engines have only a s m a l l  t h r u s t ,  and, therefore ,  
t he re  w i l l  not be enough time during the 50-minute Ser t  b a l l i s t i c  f l i g h t  
f o r  t h e  engine t h r u s t  t o  push t h e  capsule one way or another. For t h i s  
reason, t h e  engines a re  so  mounted on arms t h a t  t h e i r  t h r u s t  will spin 
t h e  capsule. 
by measuring t h e  spin rate of t h e  capsule. 

Thrust outputs of each o f t h e  engines can then be determined 

Much research has been done on e l e c t r i c  rocket engines. Much more 
remains t o  be done on these  revolutionary t h r u s t  devices. F l igh t  engines 
have been b u i l t  and soon will be flown. These first engines w i l l  serve 
only t h e  important purpose of f l i g h t  t e s t s .  Bigger and b e t t e r  ones will 
be needed f o r  t h e  long journey t o  other p lane ts .  Because e l e c t r i c  rockets  
must continue t o  t h r u s t  f o r  months or even years,  a high degree of r e l i -  
a b i l i t y  i s  necessary. Much addi t iona l  work by s c i e n t i s t s  and engineers 
i s  required before such r e l i a b l e  operation can be obtained. Present en- 
gine designs a re  adequate f o r  powerplants now under developnent. Much 
smaller and l i g h t e r  engines w i l l  be required for t h e  advanced e l e c t r i c  
powerplants t o  be discussed l a t e r .  

SATELLTIE PROPULSION WITH I O N  ENGINES 

One of t h e  f irst  ac tua l  applications of e l e c t r i c  rocket engines m a y  
be t h e  cont ro l  of s a t e l l i t e s .  Some s a t e l l i t e s  must be held i n  a c e r t a i n  
a t t i t u d e  so  t h a t  t h e i r  instruments, antennas, or so la r  c e l l s  will work 
cor rec t ly .  Other s a t e l l i t e s  must a l so  be held i n  a p a r t i c u l a r  pos i t ion  
over Earth.  For example, 'lsynchronousn s a t e l l i t e s  must be held d i r e c t l y  
over a s ing le  spot on Earth. These a r e  a l s o  ca l l ed  "24-hour s a t e l l i t e s "  
because they will orb i t  at an a l t i t u d e  over t h e  equator such t h a t  t h e  
s a t e l l i t e  revolves around t h e  center  of t h e  Earth once every 24 hours. 
Since t h e  Earth a l so  r o t a t e s  once i n  a 24-hour period, t h e  o rb i t i ng  sat- 
e l l i t e  can be s t a t iona ry  i n  r e l a t i o n  t o  Earth.  

Forces tending t o  disturb t h e  a t t i t u d e  or pos i t ion  of a s a t e l l i t e  
a r e  many - they a r e  due t o  t h e  oblateness of Earth and t h e  g rav i t a t iona l  
a t t r a c t i o n s  of t h e  Sun, t h e  Moon, and other c e l e s t i a l  bodies. These 
forces  are small, but  over a period of days o r  weeks they  can appreciably 
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affect  the satel l i te .  Ion rocket  engines appear t o  be w e l l  s u i t e d  t o  
overcoming these  per turbing fo rces  on satell i tes.  
i s  s m a l l ,  but so are t h e  per turbing forces .  

The ion  rocket  th rus t  

Ion engines have a low pro- 
pe l l an t  consumption because of 
t h e i r  high exhaust ve loc i t i e s .  
Solar  c e l l s  can provide enough 
e l e c t r i c  power t o  run t h e  ion 
engines. For t hese  reasons,  i on  
engines could be s a t i s f a c t o r i l y  
used for  a t t i t u d e  cont ro l  and 
pos i t ion  keeping of l ong- l i f e  
sat e llit e s . 

NASA has r ecen t ly  awarded 
a contract  t o  Hughes Research 
Laboratories,  t o  bu i ld  a proto- 
type ion-engine propulsion sys- 
tem f o r  s a t e l l i t e s .  This pro- 
to type  system should be com- 
p l e t ed  within a year. It could 
be in tegra ted  with a s a t e l l i t e  
as shown i n  t h e  Hughes model. 
Such s a t e l l i t e s  could be used f o r  weather observation, astronomy, geo- 
physical  measurements, or  world-wide communication. 

SPACE PROBES WITH ElLECTRIC PROPULSION 

In terp lane tary  and deep-space probes are important not only t o  pre-  
pare the  way f o r  manned f l i g h t ,  but a l s o  t o  gather  s c i e n t i f i c  information 
on t h e  universe.  With t h e  l a rge  payload capac i ty  of e l e c t r i c  spacecraf t ,  

it w i l l  be poss ib le  t o  propel  
completely instrumented probe 
vehic les  i n t o  . s a t e l l i t e  o r b i t s  
about t h e  p l ane t s  and t o  land 
instrument packages on t h e  sur- 
faces .  Even t h e  d i s t a n t  p l ane t s  
such as J u p i t e r ,  Saturn,  Uranus, 
Neptune, and Pluto can be reached 
with electric-p6wered space prooes. 

Nuclear t u r b o e l e c t r i c  power 
generation systems now under de- 
velopment may have enough power 
t o  propel  space probes t o  Mars 
and Venus. For example, advanced 
vers ions of t h e  Snap-8 nuclear 
t u r b o e l e c t r i c  system might be 
l i g h t  enough t o  be used for such 
missions.  The model shown here 
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i s  a design concept f o r  an advanced Snap-8 powered spacecraf t  suggested 
by t h e  Aerojet General Corporation. 

Much l i g h t e r  nuclear-fission turboelec t r ic  powerplants will be needed 
f o r  f l i g h t s  t o  Jup i t e r  and beyond. 
f l i g h t s  possible ,  i n  addi t ion t o  shortening t h e  f l i g h t  time considerably. 
The graphs i l l u s t r a t e  t h e  performance of  e l e c t r i c  spacecraf t  f o r  M a r s  and 
Saturn o rb i t i ng  instrumented probe vehicle missions. These calculat ions 

Advanced powerplants would make such 
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a re  based on a s t a r t i n g  m a s s  of 27,000 pounds i n  a s a t e l l i t e  o r b i t  about 
Earth,  which i s  r o u g h l y t h e  o r b i t a l  payload capab i l i t y  of one of t h e  NASA 
Saturn booster rockets.  These p a p h s  a l so  i l l u s t r a t e  t h a t  payload must 
be sac r i f i ced  t o  gain faster f l i g h t  times. The advantage of l ightweight 
powerplants i s  also apparent. 

A ROUND TRIP TO MARS WITH A NUCL;EA.R-FISSION 

TURBOELECTRIC SPACECRAFT 

A n  electric-powered spacecraft  t o  ca r ry  men t o  M a r s  and back t o  
Earth might look l i k e  t h i s  design: 
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Radiation damage presents 
another danger. It can ser iously 
a f f e c t  t h e  c e l l s  i n  man's body. 
Cel ls  may become temporarily 
damaged, may become cancerous, 
or may even be k i l l e d .  Many 
sources of rad ia t ion  w i l l  sur- 
round t h e  astronaut on board a 
spaceship: nuclear powerplants, 
van Allen b e l t s ,  cosmic rays,  
and s o l a r  flares. O f  these,  
giant  so la r  f l a r e s  may be the  
most dangerous. They can be 
very intense and t h e i r  occurrence 
cannot be predicted accurately. 
Radiation from s o l a r  f l a r e s  con- 
sists primarily of very high 
speed protons (ionized hydrogen 
atoms), which a r e  thrown out 
from t h e  Sun. When these protons 
smash i n t o  matter,  intense sec- 
ondary rad ia t ion  i s  generated. 
The primary protons and t h e  sec- 
ondary r a d i a t i o n  can cause sick- 
ness or death. The crew must be 
well  protected against  t h i s  dan- 
gerous radiat ion.  One way t o  
protect  them i s  t o  construct very 
thick and heavy w a l l s  or  shields  
surrounding t h e i r  cabins. To 
reduce the  weight of shielding 
required,  t h e  propellant might 
be s tored around t h e  cabin. Per- 
haps some of t h e  crew supplies,  
such as water, could help sh ie ld  
them too. Some s c i e n t i s t s  have 
suggested t h a t  magnetic f i e l d s  
could be used f o r  t h i s  purpose, 
but they  would have t o  be ex- 
tremely strong, so strong t h a t  
superconducting magnets would be 
needed. 

'\ 
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These dangers, and perhaps 
dangers as ye t  unknown, must be 
studied with instrumented probes 
before journeys t o  t h e  planets  
can be made. With s u f f i c i e n t  
measurements, engineers and 
s c i e n t i s t s  w i l l  be able t o  de- 
sign safe  cabins f o r  t h e  crew. 
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Elec t r ic  power on board t h e  Mars-bound spacecraf t  would be generated 
Energy i s  re leased  i n  t h e  nu- by a nuclear-fission tu rboe lec t r i c  system. 

c l ea r  reactor  when atoms of t h e  nuclear f u e l  break apar t .  
apar t  i s  ca l l ed  f i s s i o n .  Only c e r t a i n  kinds of atoms under t h e  r i g h t  
conditions w i l l  undergo f i s s i o n .  
i s  very la rge  (many protons and neutrons) and is  j u s t  on t h e  verge of 
breaking apar t .  
longer contain a l l  i t s  pa r t s .  
f l y  off.  
leased. 
hold i t s e l f  together .  
together i n  the  r eac to r ,  enough neutrons en ter  d i f f e ren t  uranium nucle i  
t h a t  a continuous ac t ion  r e s u l t s .  The re leased  energy tu rns  i n t o  hea t ,  
and the f i s s i o n  r eac to r  becomes very hot. A f l u i d  passing through the  
reac tor  w i l l  absorb t h e  r eac to r  heat and ca r ry  t h i s  hea t  t o  a hea t  ex- 
changer. 
gerous neutrons escaping t h e  reac tor .  The hea t - t ransfer  f l u i d  w i l l  be 
made radioactive as it passes through t h e  r eac to r ;  f o r  t h i s  reason t h e  
sh i e ld  against  dangerous gamma rays is  posit ioned as shown i n  t h e  drawing. 

This breaking 

The nucleus of an atom such as uranium 

If an addi t iona l  neutron en te r s  t h e  nucleus, it can no 
The nucleus breaks i n  two, and two neutrons 

When t h i s  f i s s i o n  occurs,  a tremendous amount of energy i s  r e -  

When a s u f f i c i e n t  number of uranium atoms a r e  put 
This i s  past  of t h e  energy t h a t  t h e  nucleus had been using t o  

A neutron sh ie ld  must be used t o  pro tec t  t h e  crew from t h e  dan- 

HEAT EXCHANGER7 
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Heat i s  t r ans fe r r ed  from t h e  hea t - t ransfer  f l u i d  t o  the  working f l u i d .  
The working f l u i d  is  not made rad ioac t ive  by t h e  gamma rad ia t ion ,  and, 
therefore ,  it does not have t o  be shielded a f t e r  it passes through t h e  
gamma shield.  
t h a t  it tu rns  i n t o  vapor. This vapor i s  a l s o  at a high pressure,  so  it 
can blow through a turb ine  swif t ly .  I n  passing through t h e  turb ine ,  t h e  
vapor blows on t h e  turb ine  blades and sp ins  t h e  turb ine  on i t s  sha f t ,  
much as air sp ins  a windmill. The spinning turb ine  sha f t  d r ives  t h e  

The working f l u i d  i s  heated t o  such a high temperature 
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Return payload (cabin,  e tc .  ) 
Supplies for crew (10 lb/(  day/man) ) 
Exploration rocket (used on M a r s )  

This design i s  only conceptual. There a r e  no plans t o  bui ld  such a sh ip  
as ye t .  Space-flight s c i e n t i s t s  and engineers make such conceptual de- 
s igns t o  determine how pas ts  would fit together ,  t o  m a k e  weight estimates,  
and t o  es tabl ish what spec ia l  problems might requi re  research. 
would carry an eight-man crew t o  M a r s  and back t o  Earth again i n  500 days. 
It would be 400 f e e t  long with various component weights as follows: 

This s h i p  

50,000 
40,000 
40,000 

Component I Weight, l b  

E l e c t r i c  powerplant 
Propellant 

Total  vehicle  weight 

I 90,000 

For t h e  same mission, a chemical rocket would have t o  weigh about 
8,000,000 pounds. The comparison i l l u s t r a t e s  t h e  tremendous advantage 
of e l e c t r i c  spacecraft .  The boosters shown a r e  NASA Saturn C - 5  chemical 
rockets  of  t h e  kind t o  be used 
i n  t h e  Apollo f l i g h t  t o  t h e  
Moon. Each booster rocket can 
car ry  only a spec i f ic  weight 
i n t o  orb i t .  A t o t a l  of 40 
booster rockets would be r e -  
quired t o  launch parts of t h e  
chemical rocket spacecraft  
i n t o  orbi t .  Once there ,  a l l  
these  par ts  would have t o  be 
assembled before t h e  space- 
c r a f t  could begin i t s  round 
t r i p  t o  Mars. 
rockets would be needed t o  
launch component p a r t s  of t h e  
e l e c t r i c  spacecraft  i n t o  o r b i t .  

Only two booster 

SPACECRAFl I WT. 

ELECTRIC T SPACECRAFT 

450,000 

CHEMICAL SPACECRAFT 

8,000.00~ 

BOOSTER R O C K E T S  
REQUIRED TO LAUNCH 

SPACECRAFT INTO ORBIT 
~~ ~~ 

2 BOOSTERS 8 8  
40 BOOSTERS 

Design d e t a i l s  of t h e  crew*s cabin are undetermined at t h e  moment. 
The Mercury, Gemini, and Apollo spacecraft  will provide much of t h e  knowl- 
edge concerning what i s  needed t o  keep t h e  crew s a f e  and comfortable dur- 
ing long space f l i g h t s .  Perhaps an orb i t ing  space s t a t i o n  w i l l  be b u i l t  
before man f l i e s  t o  M a r s ;  t h i s  space s t a t i o n  would help too ,  but s tud ies  
f o r  t h e  Mars t r i p  w i l l  begin much before these  events occur. Even before 
men f l y  t o  t h e  Moon, instrumented probes w i l l  make many measurements of 
conditions and hazards along t h e  path. Micrometeoroids a r e  one hazard t o  
spacecraft. 
puncture metal w a l l s .  Instrumented probes w i l l  measure t h e  number, s i z e ,  
and speed of micrometeoroids, and t h i s  information w i l l  help i n  t h e  design 
of space cabins. 

These t i n y  chunks of matter t r a v e l  so fast t h a t  they can 



25 

e l e c t r i c  generator. The generator produces e l e c t r i c i t y .  The e l e c t r i c i t y  
is used t o  run t h e  e l e c t r i c  rocket engines. 
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Vapor being exhausted from t h e  turbine m u s t  be cooled and condensed 
before it flows back t o  the  heat exchanger, where it i s  heated and vapor- 
ized again. Because space i s  a vacuum, t h i s  cooling must be accomplished 
with a la rge  rad ia tor .  There is a greater probabi l i ty  of a micrometeoroid 
h i t t i n g  a la rge  area than a s m a l l  one, and, therefore ,  t h e  giant  r a d i a t o r  
must have tube w a l l s  th ick  enough t o  prevent punctures by micrometeoroids. 
Punctures would allow working f l u i d  t o  leak out. 
curred, t h e  spacecraft  would s top  thrus t ing  and go i n t o  o r b i t  around t h e  
Sun forever. 
lightweight powerplants a re  needed f o r  space f l i g h t ,  s c i e n t i s t s  a r e  t r y -  
ing hard t o  design b e t t e r ,  l i g h t e r  radiators .  

If t h i s  leaking oc- 

Thick tube w a l l s  make the r a d i a t o r  heavy. Since very 

E l e c t r i c  power from t h e  nuclear-fission turbogenerator system would 
Clusters  of e l e c t r i c  rocket 

There are 1 3 2  engine 
If current electron-bombardment engines were 

be used t o  run t h e  e l e c t r i c  rocket engines. 
engines m u s t  be used t o  provide enough thrus t .  
"pods" shown on t h e  model. 
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t o  be used, about seven engines would 
be i n  each pod, a t o t a l  of 924 engines. 
Ion engine experts  be l i eve  t h a t  l a r g e r  
engines can be b u i l t ;  t hus ,  a smaller 
number of engines would be required.  

I n  an ear l ie r  sec t ion ,  a descr ip-  
t i o n  w a s  given of an e l e c t r i c  space- 
c r a f t  f l i g h t  from Earth t o  M a r s .  The 
s h i p  s p i r a l l e d  out from Earth,  swung 
around and out t o  m e e t  M a r s ,  and sp i -  
r a l l e d  i n t o  M a r s .  This e l e c t r i c  
spacecraf t  would continue t o  o r b i t  
around M a r s  during t h e  explorat ion 
period. Landing on t h e  su r face  of 
M a r s  i s  not poss ib l e  with such a low- 
t h r u s t  nuclear- turboelectr ic  space- 

c r a f t .  If explorat ion of t h e  surface of M a r s  i s  t o  be done, some of t h e  
crew must descend from o r b i t  i n  a chemical rocket .  The nuclear-f iss ion 

t u r b o e l e c t r i c  spacecraf t  would continue t o  o r b i t  M a r s  u n t i l  i t s  crew re- 
turned i n  t h e  chemical rocke t .  With t h e  crew back on board, t h e  e l e c t r i c  

'\ 
\ 
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spacecraf t  would s p i r a l  up and out of M a r s '  g r a v i t a t i o n a l  f i e l d .  

Both Earth and Ma.rs are moving during t h e  t r i p  t o  M a r s  and t h e  ex- 
p lo ra t ion  of Mars. When t h e  sh ip  leaves M a r s  for t h e  r e t u r n  t r i p ,  t h e  
two p lane t s  w i l l  be i n  t h e  pos i t i on  shown on t h e  sketch. The Earth i s  
o r b i t i n g  t h e  Sun f a s t e r  than M a r s ,  and t he re fo re ,  t h e  s h i p  must speed up 
t o  catch Earth.  I n  f a c t ,  Ear th  i s  going so  fast t h a t  thz sh lp  m u s t  t ake  
a shor tcu t  as i l l u s t r a t e d .  The shortcut  passes in s ide  of Ear th ' s  o r b i t ,  
and t h e  sh ip  w i l l  then be going too  f a s t .  
order t o  use t h e  e l e c t r i c  rocket  engines as brakes. 

It must be turned around i n  
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With proper navigation, t h e  
spacecraf t  can catch up with Earth.  
It w i l l  then  s p i r a l  down i n t o  an or-  
b i t  about Earth using t h e  e l e c t r i c  
rocke ts  as brakes.  Once i n  Easth 
o r b i t ,  t h e  crew can land i n  r e e n t r y  
capsules similar t o  t h e  Mercury or  
Gemini vehic les .  These r een t ry  ve- 
h i c l e s  could be p a r t s  of t h e  o r i g i n a l  
spacecraf t  cabin. 

This is  t h e  s t o r y  of how man 
might make t r i p s  t o  M a r s  and re turn .  
O f  course,  t h e  t r i p  has not happened 
ye t  - it will be some time before  
such t r i p s  can be made. The e l e c t r i c  
spacecraf t  used i n  t h i s  s t o r y  i s  
merely a conceptual design based on 
present  knowledge. The sh ip  used i n  
t h e  f u t u r e  may w e l l  be d i f f e r e n t  from 
t h i s  one. I n  any event,  t h e  bas i c  

pr inc ip les  set f o r t h  i n  t h e  s to ry  a r e  t r u e ,  and as such, form a general  
framework for t h e  work of tomorrow. 

THE NuCLFm ROCKET 

Nuclear rocke ts  as w e l l  as e l e c t r i c  rocke ts  are capable of long 
space f l i g h t s .  A s  implied i n  t h e i r  name, nuclear  rocke ts  use  nuclear  
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energy t o  produce th rus t .  The intense heat of nuclear f i s s i o n  reac tors  
i s  used t o  heat a propel lant  gas t h a t  then rushes out t h e  rear exhaust 
nozzle t o  c rea te  t h r u s t .  Dissociation and mater ia l s  l i m i t  t h e  exhaust 
ve loc i ty  of t h e  nuclear rocket j u s t  as i n  t h e  chemical and t h e  e lec t ro-  
thermal rockets.  A lightweight propellant such as hydrogen can be used 
t o  produce an exhaust ve loc i ty  two or  three times t h a t  of . the chemical 
rocket.  

SPECIFIC WEIGHT, ROCKET graph i s  a comparison of t h e  
nuclear rocket with t h e  e l e c t r i c  

ELECTRIC - - LB/KW 

WOO0 f a r t h e s t  reaches of t h e  solar sys- 
tem. To i l l u s t r a t e  t h i s  point,  a 
graph i s  shown f o r  a one-way un- 
manned t r i p  t o  t h e  planet Saturn. 
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Many space propulsion engineers LB 
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I n  t h i s  propulsion system, t h e  powerplant would be an "atomic 
ba t te ry"  i n  which t h e  nuclear energy of radioisotopes would be converted 
d i r e c t l y  i n t o  e l e c t r i c i t y .  Radioisotopes are atoms t h a t  have unstable 
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nuclei; t h a t  i s ,  t h e  nuclei  spontaneously emit p a r t i c l e s  and r a d i a t i o n  t o  
re l ieve  t h e i r  s t ra ined  unstable condition. A simple example i s  t h e  radio- 
isotope of polonium ( ~ 0 2 1 0 )  : 

I 

EMISSION PROCESS STABLE ATOM RAD IO1 SOTOPE 
ATOM (DECAY PROCESS 1 (DECAY PROCESS) 

The nucleus of t h e  polonium 210 atom r e l i e v e s  i t s  i n s t a b i l i t y  by throwing 
off a n  alpha p a r t i c l e . 8  
another smaller atom t h a t  i s  s tab le .  S c i e n t i s t s  c a l l  t h i s  emission t h e  
decay process. 
occur at once. For example, i n  a la rge  group of polonium 210 atoms, 
one-half of them will decay within 138 days. 
half  of the  remaining polonium 210 atoms or one-fourth of t h e  o r i g i n a l  
number w i l l  have decayed. Because of t h i s  decay r a t e ,  t h e  energy i n  a 
m a s s  of radioisotope i s  not a l l  re leased at once. Instead, energy i s  
produced a t  a c e r t a i n  r a t e .  It i s  important t o  note here t h a t  t h i s  energy 
release cannot be controlled.  Once the  radioisotope atoms are  formed they  
begin t o  decay and cannot be stopped. 

Thereby t h e  polonium 210 atom changes i n t o  

m i s s i o n  i s  random; therefore ,  a l l  t h e  emission does not 

I n  another 138 days, one- 

The energy released by radioisotope decay i s  i n  t h e  form of very- 
high-speed p a r t i c l e s  or  radiat ion.  
pas t ic le  is thrown off at speeds near 36,000,000 miles per hour. 

I n  t h e  case of polonium 210, an alpha 

Since alpha p a r t i c l e s  a r e  
doubly ionized helium atoms, they  
have a double pos i t ive  charge. 
P a r t i c l e s  with a pos i t ive  elec-  
t r i c  charge l i k e  t o  r o l l  down 
e l e c t r i c  f i e l d s .  If a pos i t ive ly  
chasged p a r t i c l e  has enough speed, 
however, it can t r a v e l  some d is -  
tance up an e l e c t r i c  f i e l d .  The 
height,  o r  voltage,  at which t h e  
p a r t i c l e  slows t o  a s top  is de- 
pendent on t h e  speed it had at 

8The alpha p a r t i c l e  i s  a helium nucleus, t h a t  is, a helium atom 
without e lectrons.  
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at t h e  beginning - t h e  higher t h e  speed, t h e  higher t h e  p a r t i c l e  can go. 
The alpha p a r t i c l e s  f r o m  polonium 210 decay have enough o r ig ina l  impetus 
t o  t r a v e l  against  po ten t i a l  f i e l d s  of 2,650,000 vol t s .  

The k i n e t i c  energy of t h e  
of t h e  alpha p a r t i c l e s  from 
polonium 210 decay can be con- 
ver ted t o  e l e c t r i c i t y  i n  t h e  
following way. -When alpha par- 
t i c l e s  are emitted from t h e  

negative charge i n  t h e  form of 
EMITTER Po210 ELECTRONS’ f r e e  e lec t rons  is l e f t  behind. 

If t h e  alpha p a r t i c l e s  are shot 
up a po ten t i a l  h i l l  and col lected 
at t h e  top,  a voltage w i l l  be 

COLLECTOR- 
T lAL  

NEGATIVE radioisotope m a t e r i a l ,  a net 
POTENTIAL 

RADIOISOTOPE 

generated between the  radioisotope emitter and t h e  co l lec tor .  The elec-  
t rons  l e f t  behind i n  t h e  emit ter  would l ike very much t o  run up t h e  h i l l .  
I n  doing so, they  a re  ac tua l ly  c rea t ing  what is ca l l ed  e l e c t r i c  current.  
Consequently, they  can power e l e c t r i c  rocket engines as they flow up t h e  
voltage h i l l .  

Most radioisotopes a re  rare and expensive. Polonium 210 can be pro- 
duced by neutron bombardment of bismuth; thus,  i f  bismuth i s  used as a 
coolant f o r  nuclear-f iss ion reac tors ,  s m a l l  quan t i t i e s  of polonium 210 
can be obtained as a by-product. 
cerium (Ce144), are far more p l en t i fu l .  
however, is complicated, and, therefore ,  f o r  convenience polonium 210 i s  
used here t o  demonstrate t h e  pr inc ip les  of t h e  atomic bat tery.  
cerium 144 radioisotope would work i n  a similar manner, except t h a t  high- 
speed e lec t rons  ca l led  be ta  p a r t i c l e s  are emitted and t h e  voltages would, 
therefore ,  be reversed. 

Other radioisotopes,  such as t h a t  of 
The decay process of cerium 144, 

The 

Elec t r ic -poten t ia l  diagrams are imaginary p ic tures  t o  a i d  i n  under- 
standing; a r e a l  atomic ba t t e ry  might look l i k e  t h e  design shown. The 
p a r t s  must be extremely t h i n  i n  order t o  be very l ightweight.  O f  course, 
t h e  radioisotope f i lm and t h e  emit ter  f o i l  must be very t h i n  anyway t o  

T B E T A  P A R T I C L E S  
I’ I 

/ 

--- 
EMITTER FOIL’ ‘‘COLLECTOR FOIL 
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allow t h e  decay p a r t i c l e s  t o  ge t  through. The c o l l e c t o r  would be at zero 
vol tage - space p o t e n t i a l  - and t h e  emi t t e r  at about 700,000 p o s i t i v e  
v o l t s .  Because of t h i s  high vol tage,  a c o l l o i d a l - p a r t i c l e  e l e c t r i c  rocke t  
engine could be used with t h i s  rad io iso tope  atomic ba t t e ry .  

A conceptual design of a spacecraft  with a rad io iso tope  e l e c t r o s t a t i c  
propulsion system i s  shown i n  t h e  accompanying photograph. Whether such 

EXPLORATION 
ROCKET 7, 

\ 

CREW CABIN 

COLLOIDAL 
PART I C L E  
THRUSTORS 

- a  spacecraf t  could be b u i l t  f o r  manned f l i g h t s  i s  not known, however. 
This spacecraf t  would be about 270 f e e t  long. An eight-man crew cabin 
i s  shown f o r  comparison with t h e  nuc lear - f i ss ion  t u r b o e l e c t r i c  spacecraf t .  
According t o  theory,  t h i s  rad io iso tope-e lec t ros ta t ic -propuls ion  space- 
c r a f t  could make a t r i p  t o  M a r s  and r e t u r n  i n  only 200 days, which i s  
much f a s t e r  than  t h e  nuc lear - f i ss ion  t u r b o e l e c t r i c  spacecraf t .  

PROPULSION WITH THERM0NIJCL;EAR FUSION 

The thermonuclear fus ion  system i s  s t i l l  another advanced propuls ion 
concept. 
t o  heat a propel lan t  t o  a very high temperature.  
then  rush out through a nozzle a t  high exhaust ve loc i ty .  

The tremendous temperature from nuclear-fusion would be used 
The propel lan t  would 

I 

He4 
-h 

The in tense  heat  of t h e  Sun 
:H2 (DEUTERIUM) i s  generated by a thermonuclear 
, I 

I 
'' PROTON I 

1 I 

I 

fus ion  process i n  which t h e  nu- 

When t h i s  fu s ion  of nuc le i  oc- 
curs ,  a g rea t  amount of energy 
i s  re leased  t o  heat  t h e  fusion-  
product gas t o  tremendous tem- 
pera tures .  For example, deute- 
r i u m  and helium 3 may en te r  i n t o  

?? nt.nrns j o i n  toge ther .  

@PROTON 0 NEUTRON : H e 3 ( H E ~ I u ~  3) fus ion  t o  form helium 4 and a 
proton ( t h e  symbol 0 i s  a neutron 
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and @ is a proton).  ~n equation form, 

Hz + He3 - He4  + proton + heat  energy 

The deuterium and helium 3 m u s t  be a t  a very high temperature ( i .e. ,  
moving at extremely high speed) i n  order f o r  fusion t o  occur. 
perature  must be about 100,OOO,OOOo C. 
and p,  possess t h e  tremendous energy released i n  t h e  form of k i n e t i c  en- 
ergy (high speeds). It is  t h e  g o d  of s c i e n t i s t s  at a number of labora- 
t o r i e s  t o  devise control led thermonuclear fusion, i n  which t h e  fus ion  
products give some of t h e i r  e n e r g y t o  the fusion f u e l s  so t h a t  t h e  reac- 
t i o n  can be self-sustaining and yet under control.  

The t e m -  
The fus ion  products, helium 4 

For t h e  fusion process t o  be self-sustaining,  t h e  o r i g i n a l  nuclei  
must have a very high temperature (about 100,OOO,OOOo C ) .  
volved i n  t h e  fusion process might be kept at a high temperature by 
"bot t l ing" them with magnetic f i e l d s .  

The gases in-  

The fusion gases a re  a t  such a 
high temperature t h a t  they are 
ionized. Very s t rong magnetic 
f i e l d s  can contain t h e  fusion 
gases i n  t h e  %magnetic bo t t le" ;  
these  f i e l d s  would be of t h e  
order of severa l  hundred thousand 
gauss. Producing such s t rong 
f i e l d s  would requi re  very heavy 
conventional magnetic f i e l d  c o i l s  
and much e l e c t r i c  power. It is  

magnets w i l l  be needed t o  produce 
such s t rong f i e l d s  while a 

,-MAGNETIC FIELD COILS 

:MAGNETIC FIELD LINES 

'\ ant ic ipa ted  t h a t  superconducting 

reasonable weight is maintained. 
Because some metal a l loys  have superconducting proper t ies  a t  temperatures 
near absolute  zero, s c i e n t i s t s  are doing a g rea t  amount of research on 
t h i s  subject .  

I n  t h e  fusion rocket engine, a l i g h t  propellant gas might be mixed 
with t h e  fusion gases and thereby heated t o  a very high temperature. 
heated propel lant  gas would then  

The 

rush reasward through a magnetic 
nozzle, and t h e  engine would pro- 
duce th rus t .  

:XHAUSl 

Although control led thermo- 
nuclear fus ion  has not ye t  been 
achieved, it is possible t o  con- 
j ecture  what a thermonuclear 
fus ion  powered spacecraft  would 

HYDROGEN 

. 
c-; ~ 

THRUST 
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look l i ke .  This sh ip  would be about 150 f ee t  long and would ca r ry  an 
eight-man crew.  The round-tr ip  time f o r  t h e  M a r s  explorat ion mission 
would be about 200 days. 

r EXPLORATION 

""7W CABIN 

THE FUTURE 

Space explorat ion beyond t h e  Moon is  a dream of t h e  fu tu re ,  but it 
i s  a dream t h a t  d r a w s  nearer with each advance i n  propulsion research.  
O f  the  advanced propulsion ideas  discussed herein,  t h e  ion engine is  t h e  
nearest  t o  p r a c t i c a l  use. It will be t e s t  flown i n  space i n  1963. Ion 
engine systems f o r  use i n  s a t e l l i t e  cont ro l  are  being developed now. 

Manned spacecraf t  f o r  f l i g h t s  t o  t h e  p lane ts  and instrumented probes 
f o r  deep-space explorat ion w i l l  r equ i r e  l a rge  and l i g h t e r  propulsion sys- 
t e m s .  Future research may make possible  t h e  use of radioisotope e l ec t ro -  
s t a t i c  and thermonuclear-fusion rockets .  These are but  two promising 
propulsion concepts; even b e t t e r  ones may be found. 

The success of t h e  e a r l y  e l e c t r i c  propulsion systems will be only 
t h e  beginning - a foundation upon which f u t u r e  space s c i e n t i s t s  will 
bu i ld  advanced propulsion systems and vehic les  f o r  manned f l i g h t  beyond 
t h e  Moon. 



35 

APPENDIX - DERIVATION OF ROCKET THRUST EQUATION 

The t h r u s t  equation may be derived by applying Newton's t h i r d  l a w  
of motion, which s t a t e s  t h a t  momentum must be conserved. 
i n e r t i a l  coordinate system as shown,-note t h a t  at  some s p e c i f i c  point  
i n  time t h e  rocket has a momentum MU. 

Working i n  an 

A d i f f e r e n t i a l  m a s s  of propel lant  
dm i s  e jec ted  from t h e  rocket 
with a ve loc i ty  v with respect  
t o  t h e  rocket.  

- 

Y 

t f M 6  

By t h e  l a w  of conservation 
of momentum, t h e  increase i n  t h e  
upward momentum of t h e  rocket 
must equal t he  increase i n  t h e  
downward momentum of the  propel- 
l a n t .  Stated mathematically, 
t h a t  i s  

d(MU) + (dm)(U - 7) = 0 

Applying d i f f e r e n t i a l  calculus  
t o  t h e  first term and appropriate  
mul t ip l ica t ion  t o  t h e  second 
gives 

- 
E d M + M d C + U d m  - v d m = O  

S i  ce the  propel lant  m a s s  e jec ted  (dm) o r ig ina l ly  came from t h e  t o t a l  m a s s  
of t h e  rocket vehicle  (M),  t h e  change i n  m a s s  of t h e  rocket  (dM) i s  
equivalent t o  the  l o s t  m a s s  of t he  propellant (-dm). Thus, 

dM = -dm 

Because of t h i s  r e l a t i o n ,  t h e  former equation reduce6 t o  M 6 = 7 dm. 

Applying Newton's second l a w  of motion, F = m a ,  where acce lera t ion  
is equivalent t o  
we f i n d  t h a t  t h e  force  exerted on t h e  rocket, a c t u a l l y  t h e  t h r u s t ,  is 
equivalent t o  

dc/dt, o r  t h e  change i n  ve loc i ty  with respec t  t o  time, 

dc M -  d t  

but m dv = T dm; t he re fo re ,  

d m -  t h r u s t  = - v d t  

or  thrust equals t h e  propel lant  mass r a t e  of flow mul t ip l ied  by t h e  ex- 
haus t ve loc i ty  . 


